Engineering surface structure of catalysts is an efficient way towards high catalytic performance. Here, we report on the synthesis of regular iridium nanospheres (Ir NSs), with abundant atomic steps prepared by a laser ablation technique. Atomic steps, consisting of one-atom level covering the surface of such Ir NSs, were observed by aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). The prepared Ir NSs exhibited remarkably enhanced activity both for oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) in acidic medium. As a bifunctional catalyst for overall water splitting, they achieved a cell voltage of 1.535 V @ 10 mA/cm 2 , which is much lower than that of Pt/C-Ir/C couple (1.630 V @ 10 mA/cm 2 ).
Introduction
Electrochemical water splitting has been known as an efficient strategy for the storage of intermittent electrical energy, via hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) [1, 2] . The main concern for this technology is to design efficient HER and OER electrocatalysts, especially for acidic media [3] [4] [5] . As a noble metal, iridium shows a high potential for water splitting [6] [7] [8] [9] . Nevertheless, its performance has barely been satisfactory thus far, due to the inappropriate adsorption of OER and HER intermediates [10] [11] [12] . Hence, many efforts, e.g., those based on particle size reduction [13, 14] , use of composites [15, 16] , and alloying [17] [18] [19] [20] , have been made to improve and optimize Ir catalysts.
Surface structure of catalysts can make a significant impact on the adsorption of intermediates, thus efficiently influencing catalytic properties. For instance, atomic steps on catalyst surfaces were reported to lead to unsaturated catalytic sites [21, 22] , and exhibit great advantages in CO oxidation [23] , ethanol oxidation [24] , oxygen reduction [25] , and CO 2 reduction [26] . Nevertheless, common wet-chemistry routes usually give rise to Ir catalysts with flat facets resulted from their equilibrium growth, which severely prevents the formation of atomic steps [20, [27] [28] [29] .
Herein, we employed a physical method, pulsed laser ablation in liquid (PLAL) [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] to produce Ir nanospheres (Ir NSs) enriched with surface atomic steps. This method is known as an
Results and Discussion
The preparation of Ir NSs is schematically illustrated in Figure 1a . The Ir metal target immersed in deionized water was ablated by a nanosecond pulsed laser to form vapor and/or molten nanodroplets, which then were quenched by the surrounding liquid medium, resulting in Ir NSs with inerratic cambered surface containing abundant atomic steps. The XRD pattern of as-produced Ir NSs (Figure 1b) shows a typical face-centered cubic structure, indexed as metallic Ir phase (PDF #06-0598). The high purity of Ir nanoparticles is confirmed by the EDS spectrum in Figure 1c and elemental mapping ( Figure S1 ). The high-resolution TEM (HR-TEM) image of a single Ir particle exhibits a regular spherical shape and single crystal structure, with a lattice spacing of 0.222 nm corresponding to the (111) plane of metallic Ir (Figure 1d) . The low-magnification TEM image (inset in Figure 1d ) reveals that the sample contains Ir NSs with a wide range of sizes from 5 to 40 nm, with an average size being 21.5 nm ( Figure  S2 ). More intriguingly, the HAADF-STEM image presented in Figure 1e displays several atomic steps on the particle surface, all with a height of a single atomic layer.
Materials 2019, 3 of 11 1.142 V (vs. RHE) for OER, using different scan rates of 5, 10, 15, 20, 25, and 30 mV/s. As for the electrochemical measurements of the overall water splitting, we acquired the LSV between 1.0 and 1.8 V at a scan rate of 5 mV/s. All OER LSV curves were corrected for iR drop at 95%.
The preparation of Ir NSs is schematically illustrated in Figure 1a . The Ir metal target immersed in deionized water was ablated by a nanosecond pulsed laser to form vapor and/or molten nanodroplets, which then were quenched by the surrounding liquid medium, resulting in Ir NSs with inerratic cambered surface containing abundant atomic steps. The XRD pattern of as-produced Ir NSs ( Figure 1b ) shows a typical face-centered cubic structure, indexed as metallic Ir phase (PDF #06-0598). The high purity of Ir nanoparticles is confirmed by the EDS spectrum in Figure 1c and elemental mapping ( Figure S1 ). The high-resolution TEM (HR-TEM) image of a single Ir particle exhibits a regular spherical shape and single crystal structure, with a lattice spacing of 0.222 nm corresponding to the (111) plane of metallic Ir (Figure 1d ). The low-magnification TEM image (inset in Figure 1d ) reveals that the sample contains Ir NSs with a wide range of sizes from 5 to 40 nm, with an average size being 21.5 nm ( Figure S2 ). More intriguingly, the HAADF-STEM image presented in Figure 1e displays several atomic steps on the particle surface, all with a height of a single atomic layer.
. Next, upon preparing electrodes, we investigated the OER properties of the Ir NSs in O 2 -saturated 0.5 M H 2 SO 4 solution, with commercial Ir/C and Pt/C electrodes as references. LSV profiles demonstrated that the Ir NSs exhibited the lowest overpotential of 266 mV to achieve a current density of 10 mA/cm 2 , which is much better than those of the Ir/C (333 mV), Pt/C (547 mV), and other OER electrocatalysts (Figure 2a and Table S1 ). The Tafel slope of the Ir NSs was determined as 58.7 mV/decade (Figure 2b ), which is notably lower than those of the Ir/C (89.1 mV/decade) and Pt/C (347.7 mV/decade) electrodes, indicating the fast kinetics of the laser-prepared catalyst based on Ir NSs.
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Given the excellent OER and HER activities demonstrated by the novel catalyst in acidic solution, we employed the Ir NSs as a bifunctional catalyst for overall water splitting in aqueous solution of 0.5 M H 2 SO 4 (see Figure 8a ). As shown in Figure 8b , the Ir NSs exhibited superior activity, with a cell voltage of 1.535 V at a current density of 10 mA/cm 2 . For comparison, the commercial Ir/C-Pt/C couple required a significantly higher cell voltage of 1.630 V to deliver the same current density, which is about 100 mV higher than that for the Ir NSs (Figure 8b ). As seen in Figure 8c , the performance of the novel Ir NSs is among the top values achieved by bifunctional catalysts working in acidic solution (also see Tables S1-S3 in supporting information). In addition, the Ir NSs also exhibited very high durability, as the applied voltage for 10 mA/cm 2 merely increases by 60 mV after 20 h of non-stop operation. This was only 1/6 of that for the commercial Pt/C-Ir/C couple (370 mV after 10 h) (see Figure 8d ). The molar ratio of released gases (H 2 and O 2 ) was measured and shown in Figure S10 , suggesting the Faraday efficiency of the novel catalyst was nearly 100% at 100 mA/cm 2 . Remarkably, a solar cell with an open-circuit voltage of 1.5 V could drive the water splitting device with obvious and stable gas formation, as well seen in Figure 8d (inset) and Figure S11 . Such a solar-power assisted water splitting device can be potentially applied in distributed energy storage technologies. Given the excellent OER and HER activities demonstrated by the novel catalyst in acidic solution, we employed the Ir NSs as a bifunctional catalyst for overall water splitting in aqueous solution of 0.5 M H2SO4 (see Figure 8a ). As shown in Figure 8b , the Ir NSs exhibited superior activity, with a cell voltage of 1.535 V at a current density of 10 mA/cm 2 . For comparison, the commercial Ir/C-Pt/C couple required a significantly higher cell voltage of 1.630 V to deliver the same current density, which is about 100 mV higher than that for the Ir NSs (Figure 8b ). As seen in Figure 8c , the performance of the novel Ir NSs is among the top values achieved by bifunctional catalysts working in acidic solution (also see Tables S1-S3 in supporting information). In addition, the Ir NSs also exhibited very high durability, as the applied voltage for 10 mA/cm 2 merely increases by 60 mV after 20 h of non-stop operation. This was only 1/6 of that for the commercial Pt/C-Ir/C couple (370 mV after 10 h) (see Figure 8d ). The molar ratio of released gases (H2 and O2) was measured and shown in Figure S10 , suggesting the Faraday efficiency of the novel catalyst was nearly 100% at 100 mA/cm 2 . Remarkably, a solar cell with an open-circuit voltage of 1.5 V could drive the water splitting device with obvious and stable gas formation, as well seen in Figure 8d (inset) and Figure S11 . Such a solarpower assisted water splitting device can be potentially applied in distributed energy storage technologies. 
Conclusions
In conclusion, using the laser ablation in water, we prepared Ir nanoparticles with numerous atomic steps on their surface. After preparation, the Ir nanoparticles were tested as catalysts for water splitting. The unique surface morphology of the prepared nanoparticles was demonstrated to facilitate their surface oxidation during OER process, and enhance the adsorption of HER intermediate. As a result, the electrode based on the new Ir nanocatalyst demonstrated lower OER and HER overpotentials simultaneously. As a bifunctional catalyst for overall water splitting in acidic medium, the laser-produced Ir nanomaterial provided a current density of 10 mA/cm 2 at a low 
In conclusion, using the laser ablation in water, we prepared Ir nanoparticles with numerous atomic steps on their surface. After preparation, the Ir nanoparticles were tested as catalysts for water splitting. The unique surface morphology of the prepared nanoparticles was demonstrated to facilitate their surface oxidation during OER process, and enhance the adsorption of HER intermediate. As a result, the electrode based on the new Ir nanocatalyst demonstrated lower OER and HER overpotentials simultaneously. As a bifunctional catalyst for overall water splitting in acidic medium, the laser-produced Ir nanomaterial provided a current density of 10 mA/cm 2 at a low voltage of 1.535 V with a long-term stability. The present work demonstrates that laser ablation in liquid phase is a promising technique to prepare metallic nanomaterials with surface atomic steps and improved catalytic performance. This strategy is believed to be capable of preparing other materials and producing novel catalysts for energy conversion and other related applications.
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